Abstract: The aim of this study was to assess the effect of different remineralizing agents on enamel microhardness (KHN) and surface topography after an erosive challenge. Forty-eight human enamel specimens (4 × 4 mm) were randomly assigned to 4 groups: control (no treatment), fluoride varnish, calcium nanophosphate paste and casein phosphopeptide-amorphous calcium phosphate paste (CPP-ACP). Both pastes were applied for 5 minutes, and fluoride varnish, for 24 h. Four daily erosive cycles of 5 minutes of immersion in a cola drink and 2 h in artificial saliva were conducted for 5 days. KHN readings were performed at baseline and after 5 days. The percentage of enamel hardness change (%KHN) was obtained after erosion. The surface topography was evaluated by atomic force microscopy (AFM). The data were tested using ANOVA, Tukey's and paired-T tests (p < 0.05). After an erosive challenge, there was no statistically significant difference between the control (96.8 ± 11.4 KHN / 72.4 ± 3.0 %KHN) and the varnish (91.7 ± 14.1 KHN / 73.4 ± 5.5 %KHN) groups. The nanophosphate group showed lower enamel hardness loss (187.2 ± 27.9 / 49.0 ± 7.9 %KHN), compared with the CPP-ACP group (141.8 ± 16.5 / 60.6 ± 4.0 %KHN), and both were statistically different from the varnish and the control groups. AFM images showed a rough surface for the control and the varnish groups, a non-homogeneous layer with globular irregularities for CPP-ACP, and a thick homogeneous layer for the nanophosphate group. None of the agents provided protection against the development of erosion; however, nanophosphate paste was able to reduce enamel surface softening after the erosive challenge.
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Introduction
Dental erosion is defined as the loss of tooth substance due to chemical processes not involving bacteria. 1 Although erosive lesions have a multifactorial etiology, the increasing consumption of acidic food and soft drinks has become an important factor driving their development. [2] [3] [4] Many strategies have been developed for the prevention and treatment of erosion, and fluoride is the main agent used to enhance enamel remineralization. 5, 6 However, to control mineral loss caused by erosion, high concentrations and frequency seem to be needed, because the protective effect of fluoride against demineralization depends on the pH level, F Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
concentration, type of F salt and presence of mineral ions (Ca and P) in the saliva and in the agents. [5] [6] [7] Sodium fluoride varnishes have been used due to their ability to adhere to the tooth surface and their high fluoride concentration, which increases the formation of calcium fluoride (CaF 2 ) deposits that act as fluoride reservoirs. [4] [5] [6] In recent years, other agents for inhibiting erosion have been investigated, such as casein phosphopeptides with amorphous calcium phosphate complex (CPP-ACP). [8] [9] [10] CPP-ACP complex may increase the level of calcium and inorganic phosphate ions at the tooth surface, thereby permitting immediate enamel surface remineralization. [8] [9] [10] Additionally, there have been advancements in nanotechnological developments of products for the remineralization of enamel, such as nano-hydroxyapatite (HA). 11 However, HA has been studied only as a biomimetic material to remineralize enamel carious lesions, 11 whereas its effect on eroded enamel has not been investigated.
Calcium nanophosphate organized in the crystalline form of HA was recently developed as a paste. Calcium nanophosphate crystals are smaller than 100 nm, leading to improved bioactivity of the product, resulting from the increase in surface area and wettability of HA nanoparticles (manufacturer's information). Calcium, phosphate and fluoride ions are released and organized in fluorapatite and CaF 2 on demineralized tooth surfaces. Based on these mechanisms, it would be interesting to evaluate the effect of this bioactive material on erosion prevention, in comparison with other remineralizing agents.
The aim of this study was to investigate the in vitro effect of fluoride varnish, calcium nanophosphate HA paste and CPP-ACP paste on preventing the development of enamel erosion. The null hypothesis tested was that there would be no difference between the effects of fluoride varnish and of remineralizing pastes on enamel microhardness and surface topography after an in vitro erosive challenge.
Methodology Specimen preparation
After obtaining approval from the Universidade Federal de Campina Grande -UFCG Research Ethics Committee (11/2011), forty sound human third molars were selected for this study. The teeth were stored in 0.1% thymol at 4°C and used within 1 month after extraction. Two enamel specimens (4 × 4 × 2 mm) were obtained from the buccal and lingual surfaces of each tooth, using a water-cooled low-speed diamond saw (Isomet; Buehler Ltd., Lake Bluff, USA). Next, they were embedded in acrylic resin (Vipi Flash, Pirassununga, Brazil), and the enamel surfaces were ground flat with SiC paper discs (400, 600 and 1200 grades) and polished with 1 µm alumina suspension (Erios Corp., São Paulo, Brazil). Afterwards, the baseline hardness of the enamel surface was determined and specimens with a KHN between 300 and 380 were selected 12, 13 and randomly divided into 4 groups (n = 12), according to the agent applied:
• control, no treatment; • fluoride varnish (Duraphat, Colgate, São Paulo, Brazil);
• calcium nanophosphate paste (Desensibilize Nano P, FGM Produtos Odontológicos, Joinville, Brazil) and
• CPP-ACP paste (MI Paste Plus, GC America Inc., Alsip, USA; Table 1 ).
Treatment
Before exposure to acid, 0.3 mL of each agent was inserted into an insulin syringe (BD Ultra-fine, Franklin Lakes, USA) to standardize the volume of product applied to the enamel surface. The volume of 20 µL of all agents was sufficient to cover the surface of the specimens. Thus, according to each group, 20 µL of the agent was applied to the readout, at least 50 µm apart, and their average represented the specimen KHN value. In addition, the percentage of hardness loss (%KHN change) was calculated using the following formula:
where KHN (I) is the average of the initial hardness measurements and KHN (F) is the average of the final hardness values.
12
Atomic force microscopy AFM is an important tool for obtaining a source of new structural information. 19 Three randomized specimens of each group were analyzed using atomic force microscopy (AFM; SPM-9600, Shimadzu Corp., Kyoto, Japan). Each specimen was fixed to the microscope holder on a stub (2 × 3 mm). The block surface morphology was probed in ''contact mode.'' Imaging was performed with a standard geometry silicon nitride Micro-Cantilever (OMCL-TR, Olympus, Tokyo, Japan) and probed with 0.15 N/m constant elastic and 24 kHz resonant frequency. Images 30 µm x 30 µm with resolution of 512 x 512 pixels and an operating point of 1.5 V were collected at a very low scan rate to obtain details of the enamel structure and to avoid damaging the tip.
Statistical analysis
Data analysis was performed with the GraphPad Instat version 2.0 (GraphPad software, La Jolla, USA) at a level of significance of α = 0.05. Since all the variables tested satisfied the assumptions of equality and normal distribution, one-way ANOVA and Tukey's test were carried out for statistical comparisons of enamel hardness change percentages. The paired t-test was used to compare the enamel hardness before and after the erosive challenge in the same group. Table 2 shows the following KHN values for all groups:
Results
• initial, • after erosion, and • %KHN change. specimens, in accordance with the manufacturer's instructions: 1. Varnish was applied and specimens were stored in artificial saliva. After 24 h, cotton tips were immersed in deionized water and applied to the surface to soften the varnish. The varnish was removed with a scalpel blade, 12 taking care to avoid touching the surface; 2. Desensibilize Nano P paste was rubbed on with a microbrush for 10 s. After this, the paste was kept in contact with the enamel for 5 minutes and removed with deionized water; 3. MI Paste Plus was applied and kept in contact with the enamel for 5 minutes and then removed with deionized water. Paste application time was standardized at 5 minutes.
Erosive challenge and treatment
Specimens were immersed in a cola drink (CocaCola  , Jundiaí, Brazil; pH 2.3), using separate containers (10 mL/specimen), at room temperature, for 5 minutes 4 times/day.
14 The specimens were rinsed thoroughly with deionized water and immersed in artificial saliva, pH 7.0 (10 mL/block) at room temperature for 2 h, between erosive challenges 14 and overnight. The artificial saliva was made according to the Moretto et al.
14 study. This erosive challenge was repeated for 5 days. The cola drink and artificial saliva were changed after every cycle. During the demineralization cycles, the specimens were kept in hermetically sealed containers to prevent the loss of gas, which can increase the pH. 15 The enamel specimens were exposed to one of the pastes immediately after each erosive challenge. 14 The fluoride varnish was applied only once, just before the erosive challenge, to simulate a clinical situation.
12,16,17

Hardness assessment
Microhardness is the most useful method of assessing enamel softening caused by erosion. 18 Enamel hardness (KHN) was measured with a Knoop microhardness diamond applied under a 25 g load for 10 s (HMV II; Shimadzu Corporation, Kyoto, Japan) at baseline and after 5 days of erosive challenge. All readouts were performed by the same examiner. Five indentations were made in each No statistically significant differences were observed among the groups for initial KHN values (p = 0.87). After erosion, all groups showed lower KHN values (p < 0.05), in comparison with the initial values.
After the erosive challenge, there was no statistically significant difference between the control and varnish groups (p = 0.79), which showed the highest KHN loss values. Furthermore, the control and varnish groups showed a statistically significant difference in the remineralizing pastes used (p < 0.05). The nanophosphate group showed a lower KHN loss value, compared with the CPP-ACP group, after the erosive challenge (p < 0.05). There was a significant amount of protection against demineralization produced by nanophosphate paste, represented by the highest KHN value after erosion, compared with the CPP-ACP, the varnish and the control groups (p < 0.001). The varnish and control groups showed no statistically significant difference with regard to %KHN change (p = 0.75).
Figures 1, 2, 3 and 4 show the AFM images after applying the remineralizing agent and erosive challenge. The control and varnish groups showed similar topography. Figures 1 and 2 showed areas of demineralized enamel with a honeycomb-like structure and a rough surface without a protective layer (Figure 1B and 2B ). The treatment with the two pastes caused different surface topographies. The CPP-ACP group showed a surface interspersed with globular deposits (Figure 3) . The nanophosphate group showed progressive microparticle deposition, and the interprismatic and prismatic enamel structures appeared to be completely hidden by a thick homogeneous layer (Figures 4) .
Discussion
The present study is an innovative investigation about the potential for remineralization of eroded enamel with a new agent containing calcium nanophosphate organized in HA crystals. The microhardness test and AFM were used. The standardization of baseline enamel KHN (Table 2) made it possible to establish the %KHN change among the groups after treatment.
Formation of the CaF 2 -like layer by fluoride (F) agents on eroded dental surfaces partially reduces enamel mineral loss by subsequent erosion.
14 High-concentrated F applications have been considered very effective in reducing the enamel erosion. 6, 20 The agents investigated contain approximately 22600 ppm F (varnish), 9000 ppm F (nanophosphate paste) and 900 ppm F (CPP-ACP paste), according to the manufacturers' information. Although the varnish contained the highest F concentration among the agents tested, according to our protocol, it showed no protective effect against enamel erosion. This could be observed by the statistically lower remineralization rates (represented by a loss in KHN = higher %KHN change), as compared with the CPP-ACP and nanophosphate groups (Table 2) . Furthermore, no statistically significant difference was found for KHN values and surface topography (Figures 1 and 2) between the varnish and control groups ( Table 2) . Figures 1A and 2A showed that the enamel demineralization caused by the cola beverage involved mainly the inner area of the prism, and created a honeycomb-like structure, as described by Poggio et al. 10 The varnish was removed after 24 h to simulate in vivo conditions (a single professional application was made every 7 days), as used in other in vitro studies. 12, 16, 17 The fluoride varnish may have reacted chemically with the enamel during the first 24 h, but this reaction was not enough to reduce the enamel loss caused by the erosive attack. Figure 2B shows a rough and eroded surface with no formation of a protective layer for the varnish group, visualized as a honeycomb-like demineralized enamel structure (Figure 2A) . In some studies, which showed the protective effect of fluoride varnish against dental erosion, 21 the varnishes were not completely removed during the experimental period, and this mechanical protection may have played a role in the protective effect evidenced.
Apart from fluoride, the CPP-ACP complex showed an increase in enamel microhardness and a decrease in enamel surface roughness after erosion by cola drinks. 9, 10, 13 However, the mechanism by which the process of remineralization of eroded lesions by CPP-ACP occurs is unclear. It is known that CPP-ACP increases the number of potential calcium-binding sites, thereby decreasing the constant diffusion of calcium. 9 Furthermore, ACP at the tooth surface buffers the free calcium and phosphate ion activities, thus helping to maintain a state of supersaturation that depresses demineralization and enhances remineralization. The CPP-ACP group showed a higher KHN value and lower mineral loss (%KHN), compared with the control group, after the erosive challenge (Table  2) . However, the nanophosphate group showed the highest KHN value after erosion, with significantly lower mineral loss than the CPP-ACP paste (Table  2) . Because there was no investigation into nano- phosphate paste on eroded enamel surface, it was difficult to compare the results found in the present study with others in the literature. However, it can be implied that the application method of this paste (10 s of friction) influenced the results. The calcium nanophosphate crystals may have penetrated more deeply into the defects of the eroded enamel, forming a "reservoir-like" deposit of calcium and phosphate ions. The reservoir-like deposit could make these ions available during a subsequent erosive challenge and help maintain a state of supersaturation with enamel minerals. 11 Furthermore, the F concentration in the nanophosphate paste is 10 times higher (9000 ppm) than that of the CPP-ACP paste (900 ppm). This higher concentration may affect the remineralization process. It was confirmed in an earlier investigation that there is a synergistic effect of F ions with CPP-ACP in the remineralization of eroded enamel. 22 The remineralization potential of CPP-ACP paste can also be improved through the application of fluoridated toothpaste, which would increase the F concentration against an erosive attack. 13 Although AFM analyses showed that a protective layer had formed on the enamel surface following CPP-ACP application, non-homogeneous deposits with adherent irregularities, appearing as globular structures, were observed (Figures 3). These apparent structures were also cited by Poggio et al. 10, 19 According to these authors, 10, 19 it is likely that CPP-ACP paste causes the formation of a layer that fills the interprismatic cavities and partially covers the prisms. Otherwise, the nanophosphate group showed progressive microparticle deposition with interprismatic and prismatic enamel structures completely hidden by a thick homogeneous layer, probably due to HA nanocrystals (Figures 4).
It can be assumed that none of the agents investigated provided protection against the development of erosion; however, the calcium nanophosphate paste reduced enamel surface softening. This paste may provide a potential treatment option for patients suffering from enamel erosion. Further studies are needed to investigate whether the protective effect of calcium nanophosphate paste is stable against abrasion and in vivo erosion. The null hypothesis was rejected because there were significant differences in KHN values and AFM topography among the varnish and remineralizing pastes.
Conclusion
Although none of the products investigated provided protection against the development of erosion, calcium nanophosphate paste reduced the erosion, as compared with other agents.
